the populations of cells resident within the lung that might participate in lung development and repair.
The first session, "Endogenous Lung Stem and Progenitor Cells," reviewed the current state of knowledge of endogenous stem cell populations in the lung and their potential to initiate or augment repair. Discussions emphasized the need for new methods and markers that will enable identification and phenotyping of stem cells. The participants agreed on the importance of lung disease-specific preclinical models and use of functional outcome measures to evaluate the potential of lung cell-based therapy. Discussions also encouraged fostering partnerships between basic and clinical researchers, and moving ahead to explore in parallel basic and clinical research issues in cell-based therapy for lung disease.
Session 2, "Other Adult Stem Cell Sources," reviewed the basic biology of stem and progenitor cells and also explored potential sources (other than bone marrow) of adult cells that might participate in lung repair after injury. It is clear that lung injury results in recruitment of several cell types to the lung and that these cells can have either a beneficial or a detrimental effect on the postinjury process. A major challenge for the future will be to characterize the different recruited cell populations with respect both to behavior as "stem cells" as well as lung remodeling. Significant emphasis must be placed on developing and standardizing state-of-the-art techniques to adequately and unambiguously assess outcome measures at the molecular, cellular, and functional levels. Session 3, "Adult Marrow-derived Stem Cells in Lung Diseases," reviewed preclinical data on adult marrow-derived cells for lung disease, translational research progress, and potential clinical protocols to investigate the safety and efficacy of cellbased therapy for lung diseases. Discussion was spirited concerning how and when to proceed to clinical investigation. It was agreed that strong emphasis must be placed on animal models of human lung diseases, with a focus on studies that incorporate relevant functional outcome measures. At the same time, it was recommended that early studies in humans, where appropriate, be launched to determine safety and dosing parameters, and to design carefully controlled clinical trials that offer patients benefits at relatively little risk.
It was acknowledged by all participants that the role of endogenous lung stem cells and of adult marrow-derived cells in lung biology and their potential therapeutic role in lung diseases represent a timely and exciting area of study. Nonetheless, there are a number of current controversies, including questions regarding the accuracy of assessments of lung chimerism by adult bone marrow-derived cells. Importantly, a functional role of adult marrow-derived cells in lung repair and remodeling after injury has not been clarified. As such, the following recommendations were developed:
• Support high-quality translational studies focused on working toward cell-based therapy for human lung diseases. Preclinical models will provide proof of concept; however, these must be relevant to the corresponding human lung disease. Disease-specific models, particularly large animal models, should be developed for lung diseases.
• Incorporate rigorous techniques to unambiguously identify outcome measures into this research. Advanced techniques such as high-resolution computed tomography (HRCT) scanning and histomorphometry should be used where applicable. Preclinical models require clinically relevant functional outcome measures, for example, pulmonary physiology/mechanics, electrophysiology, and other techniques.
• Proceed with design and implementation of initial exploratory safety investigations in patients with lung disease, where appropriate.
• Use advanced histologic imaging techniques, for example, confocal microscopy, deconvolution microscopy, electron microscopy, laser capture dissection, and so on, to avoid being misled by inadequate photomicroscopy and immunohistochemical approaches. Imaging techniques must be used in combination with appropriate statistical and other analyses to maximize the utility of detecting rare events.
• Encourage new research to elucidate molecular programs for the development of lung cell phenotypes, including mechanisms of epithelial/endothelial/mesenchymal interactions in development.
• Explore other potential sources of stem cells such as adipose tissue and cord blood. Uncover mechanisms of recruitment of and phenotypic conversion of adult marrowderived cells to lung epithelial and interstitial cells.
• Identify additional cell surface markers that characterize lung cell populations for use in visualization and sorting techniques.
• Actively foster interinstitutional, multidisciplinary research collaborations and consortiums as well as clinical/basic partnerships. Include a program of education on lung diseases and stem cell biology.
• Develop in vitro assays to assess the potential of cells to engraft in the lung.
• Disseminate information about and encourage the use of existing core services and facilities. A partial list includes NHLBI Production Assistance for Cellular Therapies, National Center for Research Resources stem cell facilities, Good Manufacturing Practice Vector Cores, and small animal lung mechanics and CT scanner facilities at several pulmonary centers.
BACKGROUND Adult Marrow-derived Cells in Lung Biology and Disease
It has long been known that adult bone marrow cells serve as precursors for hematopoietic stem cells. However, a number of reports have suggested that several cell populations derived from bone marrow of adult rodents, potentially including hematopoietic stem cells (HSCs), stromal-derived mesenchymal stem cells (MSCs), and circulating fibrocytes, can localize to and acquire phenotypic and functional markers of mature muscle, brain, bone, liver, skin, and lung (1) (2) (3) (4) (5) (6) (7) (8) (Figure 1 ). Whether the bone marrow-derived cells implicated are truly "stem" cells has not always been rigorously demonstrated and some of these studies are controversial. In some cases, notably liver and muscle, the marrow-derived cells, frequently monocytic cells, can fuse with existing organ-specific cells rather than transdifferentiating into mature organ-specific cells (9) (10) (11) . Nonetheless, even fusion of normal adult marrow-derived cells with diseased or defective differentiated adult tissue might conceivably be a therapeutic approach for correcting defective tissues.
In the lung, a number of publications have purported to demonstrate that bone marrow-derived cells can acquire phenotypic and/or functional markers of airway and alveolar epithelium, vascular endothelium, and interstitial cell types in both mouse transplantation models and from clinical lung tissue obtained from lung and bone marrow transplant patients. In rodents and other animal models, relatively small numbers of adult marrow-derived cells transplanted to adult recipient animals or progeny derived from these cells have been suggested to localize to recipient lungs and to acquire phenotypic characteristics of airway or alveolar epithelial cells, interstitial cells, and vascular endothelial cells (1, 2, 7, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . In humans, lung specimens from some clinical bone marrow transplant recipients demonstrate chimerism for both epithelial and endothelial cells (31, 32) . Similarly, lung specimens from some lung transplant patients demonstrate chimerism of lung epithelium (33, 34) .
However, chimerism or lung engraftment with adult marrowderived cells has not been found in all studies. Further, data from several of the mouse studies have been questioned in light of more rigorous techniques and significant controversy exists as to the degree of chimerism or engraftment of adult marrowderived cells that might actually occur (35) (36) (37) (38) (39) . These issues are further discussed below.
Many of these reports are based on in situ demonstration of adult bone marrow-derived cells in lungs, evidenced by detection of a marker for the marrow-derived cells. In most cases, this has involved detection of cells containing the Y chromosome by fluorescence in situ hybridization after sex-mismatched transplantation (40) (Figure 2 ). In one report, marrow-derived cells noted in lung tissue were quantitatively identified with singlenucleotide polymorphism assays of laser-excised cells previously Figure 1 . Schematic of endogenous and adult bone marrow-derived stem/reparative cells that potentially participate in lung development, injury, repair, and regeneration. EPC ϭ endothelial progenitor cell; HSC ϭ hematopoietic stem cell; MSC ϭ mesenchymal stem cell or multipotent stromal cell.
labeled with phenotypic antibodies (33) . Further suggestion that adult marrow-derived cells acquire the phenotype of lung cells is provided by examination of morphologic appearance and/or by coexpression of markers including cytokeratin (epithelium), smooth muscle actin (myofibroblast), or prosurfactant protein B or C (type 2 alveolar epithelium) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . These markers are not significantly expressed in populations of adult marrowderived cells, suggesting that cells recruited to the lung have undergone phenotypic conversion. Fusion of adult marrowderived cells with lung epithelial cells may occur under some circumstances in vitro, but this phenomenon has not been demonstrated to occur to a significant extent in vivo in the lung (41, 42) .
Notably, the relevant adult marrow-derived cell population(s) capable of acquiring the lung cell phenotype have not been fully identified or characterized. Possible candidates include HSCs and the tissue culture plastic-adherent cells derived from bone marrow variously referred to as mesenchymal stem cells, marrow stromal cells, multipotent mesenchymal stem cells, or multipotent stromal cells (MSCs) (Figure 3 ) (43) . Endothelial progenitor cells (EPCs) have also been implicated in both pulmonary vascular remodeling in mouse models of pulmonary hypertension ( Figure 4 ) and lung repair in both pneumonia and acute lung injury (30, 44, 45) . It has been suggested that circulating fibroblast precursors or fibrocytes participate in lung remodeling in several lung diseases, including asthma and fibrosing injuries (46-50) ( Figure 5 ). Recent data suggest the existence of discrete adult marrow cell populations (e.g., those expressing CXCR4, cytokeratin, and CD45 or CD34 and stem cell antigen-1 [Sca-1]) that are specifically recruited to the lung (51). However, additional characterization of these and other potentially relevant populations is needed. Furthermore, several studies have demonstrated the development of cells with the lung epithelial phenotype from murine embryonic stem cells (52) (53) (54) . Although not a focus of the workshop, knowledge gained from these studies might be used for studies involving adult marrow-derived cells. Several studies have also suggested that the lung itself contains a cell population comparable to Hoeschst dye-effluxing side population cells characterized in bone marrow (55) (56) (57) (58) (59) (60) (61) . The role(s) of these cells is not clear but may include the ability to serve as hematopoietic precursors under certain conditions as well as to provide precursors for repopulating several lung cell types, including epithelium, airway smooth muscle, and vascular endothelium.
A number of studies suggest a functional implication for recruitment of adult marrow-derived cells to the lung. In mouse models of fibrosis, emphysema, and inflammatory lung injury, both MSCs and fetal liver cells (the fetal bone marrow equivalent) appear to abrogate lung injury (17, 20, 21, 23, 25) . In an important proof-of-concept demonstration, ex vivo transduction of MSCs isolated from patients with cystic fibrosis (CF) resulting in expression of normal CF transmembrane conductance regulator (CFTR) was able to partially correct defective CFTR-dependent chloride current when ex vivo-transduced cells were mixed in culture with primary airway epithelial cells obtained from patients with CF (62) (Figure 6 ). Conversely, it has been suggested that adult marrow-derived cells participate in the generation of fibrotic injuries (18, 22) . Additional phenotypes of adult marrow-derived cells, including MSCs and EPCs, may contribute to the development of lung and other malignancies in some mouse models, in part by providing a supportive stroma for the cancers (63) (64) (65) (66) (67) . However, MSCs suppressed tumor growth when transduced to express interferon and thus adult marrow-derived stem cells may be potentially useful in cancer therapeutics. It has been demonstrated that EPCs participate in pulmonary vascular remodeling in a mouse model of pulmonary hypertension (30) . Increased levels of circulating EPCs also correlate with lung repair in both pneumonia and in acute lung injury, although a causal relationship has not been established (44, 45) . Increasingly, adult marrow-derived circulating fibrocytes have been implicated in smooth muscle and myofibroblast proliferation in asthma and lung fibrosis (46) (47) (48) (49) (50) . Nonetheless, despite an accumulating number of studies, the roles of adult marrow-derived cells in lung remodeling remain largely unclear and controversial.
Recruitment of adult marrow-derived cells to the lung. Preexisting injury increases recruitment of adult marrow-derived cells to the lung (14, 15, 17, 18, 20-23, 25, 26) . This suggests that chemotactic signals released by injured or remodeling lung serve to attract marrow-derived cells. Similarly, expression of specific adhesion molecules or other proteins by injured or remodeling lung may be important for recruitment of adult marrow-derived cells.
A number of soluble factors released by airway epithelium mediate recruitment of mature circulating leukocytes from bone marrow to the lung. There is a substantial body of literature demonstrating that increased release of many of these factors from stimulated or injured lung epithelium plays a significant role in inflammatory cell recruitment to the lung (68) . Soluble factors also stimulate HSC mobilization and targeted tissue migration. Prominent among these is stromal-derived factor (SDF-1, CXCL12), which interacts with the CXCR4 receptor on the HSC surface (69) (70) (71) . Other chemokine and angiogenic factors are also known to mobilize and recruit both HSCs and EPCs (69) (70) (71) . HSCs and EPCs express several cell surface adhesion molecules (CD44, vascular cell adhesion molecule-1, and intercellular adhesion molecule-1) that can interact with corresponding tissue selectins and matrix proteins to mediate tissue binding (72) . Increased release of soluble factors as well as increased expression of tissue ligands to which HSCs and EPCs can bind occur in a variety of lung injuries. Presumably this increases recruitment of HSCs and EPCs to the lung, but there are few direct data demonstrating this phenomenon (30, 73) .
Adult marrow-derived circulating fibrocytes exhibit chemotaxis in response to a number of ligands released from injured lung including SDF-1, CC chemokine ligand (CCL)-2, and eotaxin (47) (48) (49) 74) . Furthermore, exposure of circulating fibrocytes to ligands up-regulated in fibrotic lung injury including transforming growth factor-␤ 1 and endothelin-1 promote differentiation into a myofibroblast phenotype (47) .
Adult marrow-derived human MSCs express cell surface adhesion molecules including vascular cell adhesion molecule-1 and CD44. In experimental bleomycin-induced lung injury in mice, increased expression of the CD44 ligand hyaluronan is postulated to provide a homing signal for CD44-expressing MSCs (17) . Bleomycin also increases lung expression of SDF-1, suggesting a role of this signaling pathway in recruitment of adult marrow-derived cells to the lung (48) . SDF-1 has also been implicated in the recruitment of MSCs to liver and heart (69, 73) . Human MSCs express receptors for several chemokines and cytokines, including CXCR4, that might play a role in recruitment of MSCs to the lung, but there is little available information about the role of chemokines, cytokines, or other soluble factors in the recruitment of MSCs to the lung.
Mechanisms of phenotypic conversion of adult marrow-derived cells to lung cells. Adult MSCs can be induced to develop phenotypic characteristics of fibroblasts, osteoblasts, chondrocytes, or adipocytes by in vitro exposure to growth factors and cytokines (75) . In one report, coculture of human MSCs with primary human airway epithelial cells in vitro resulted in the acquisition of phenotypic and functional epithelial characteristics by the MSCs (62) . This suggests that release of soluble mediators by lung epithelial cells and/or direct cell-cell contact between epithelial and mesenchymal cells can influence phenotypic conversion of MSCs to lung epithelial cells. However, specific factors directing conversion to the lung epithelial phenotype have not been elucidated. Exposure of circulating fibrocytes to ligands up-regulated in fibrotic lung injury, including transforming growth factor-␤ 1 and endothelin-1, promotes differentiation into a myofibroblast phenotype (47) . Little additional information is available concerning the mechanisms by which adult marrow-derived cells may be induced to undergo phenotypic change, acquiring characteristics of lung epithelial, vascular endothelial, or interstitial cells.
Endogenous lung stem cells. Endogenous tissue stem cells are undifferentiated cells that reside in tissues and participate in regeneration after injury. Such cells have been identified for blood, intestine, and skin and their contribution to tissue maintenance and repair has been characterized at both the cellular and molecular levels. On the basis of these studies, tissue stem cells are understood to be a rare population of cells that cycle infrequently, an activity that results in self-maintenance and generation of transit-amplifying progeny. Transit cells are generally thought to have a finite life span and proliferative potential but exhibit organ-specific distinctions in overall abundance and frequency of cell proliferation (see below). These cells, as their name suggests, are a transient cell type that gives rise to differentiated cells, which participate in tissue-specific functions and are postmitotic. The small intestine harbors a regenerative epithelial unit that epitomizes such a classical stem cell hierarchy. Therein, intermittent proliferation of tissue-specific stem cells provides a continuous supply of transit-amplifying cells that proliferate repeatedly while positioned within the mitotic compartment. Eventually, these cells expend their mitotic potential or outdistance critical growth factors, activate the terminal differentiation program, and generate postmitotic cells of the villus epithelium. Evidence indicating the existence of cellular components of an airway epithelial stem cell hierarchy comes from studies in animal models in which selective ablation of epithelial cells is achieved through exposure to toxic chemicals or through cell type-specific expression of toxin genes in transgenic mice. Within airways of the lung, nonciliated bronchiolar epithelial (Clara) cells exhibit characteristics of transit-amplifying cells after injury to terminally differentiated cells. However, unlike transit-amplifying cells of tissues harboring classical stem cell hierarchies, Clara cells exhibit a low proliferative frequency in the steady state, are broadly distributed throughout the bronchiolar epithelium, and contribute to the specialized tissue activated through expression of differentiated characteristics. The existence of bronchiolar stem cells has been suggested from studies in which regenerative foci are maintained in airways after chemical ablation of the Clara (transit-amplifying) cell population (76) (77) (78) (79) . These cells, termed variant CCSP (Clara cell secretory protein)-expressing cells (78) , contribute to distinct regenerative units within the bronchiolar and terminal bronchiolar epithelium and may participate in the establishment and maintenance of the distinct anatomic regions within intrapulmonary airways. Similar strategies have been used to identify putative stem cells for other lung epithelial compartments and suggest that the tracheobronchial zone is repaired by a subpopulation of basal epithelial cells and that the alveolar epithelium is maintained by type II cells (80) (81) (82) (83) (84) (85) (86) (Figure 7 ). Endogenous lung stem cells are also suggested to participate in the development of lung carcinoma (64) , although the connection between tissue stem cells and cancer stem cells has not been established. Side population CD45 -Hoechst-effluxing cells have also been identified in the lung, but their role in lung repair and remodeling is unclear (55) (56) (57) (58) (59) (60) (61) . Future studies are needed to define the intrinsic and extrinsic mechanisms regulating activity of endogenous lung stem cells and aspects of this signaling hierarchy that distinguish this hierarchy from classical stem cell hierarchies of nonendodermally derived tissues.
SCIENTIFIC PRESENTATIONS
The workshop was organized into three oral presentation sessions and one poster presentation session. The goal of the presentations was to provide a state-of-the-art summary of existing information and to highlight questions to be addressed by future research directions. A brief summary of the oral presentations is provided below. The executive summary of each speaker's presentation and the poster abstracts are presented in the accompanying online supplement.
Session 1: Endogenous Lung Stem and Progenitor Cells
The goal of Session 1 was to review the current state of knowledge regarding identification of endogenous stem cell populations in the lung and their potential to augment repair and regeneration. Jeffrey Whitsett (University of Cincinnati, Cincinnati, OH) introduced the workshop by providing a general overview of potential uses of adult stem cells for the treatment of pulmonary diseases. Potential applications of cell-based therapies include correction of disease caused by defective gene expression, provision of replicating cells for repair/regeneration, use as disease modifiers, and correction of genetic defects by correcting cells of hematopoietic lineages. Specific areas that need to be addressed include but are not limited to identification of the cell types that are most capable of contributing to repair of the lung, definition of the differentiation and proliferation potentials of cells that may have engrafted in the lung, identification of endogenous stem cell populations in the lung, and characterization of signals (extrinsic and intrinsic) that regulate their activities. Transcriptional programs activated during organogenesis were reviewed to assess the relevance of these pathways to regeneration, repair, engraftment, and differentiation of stem cells in the lung.
Scott Randell (University of North Carolina at Chapel Hill, Chapel Hill, NC) discussed the role of large airway epithelial stem cells. Clarifying progenitor-progeny relationships in this region of the airways is important for understanding phenotypic changes that occur in disease (e.g., CF); the possible role of stem cell transformation in lung cancer; post-lung transplant bronchiolitis obliterans syndrome, which may be due to death of stem cells; and also the potential of stem cells as targets for gene therapy. However, identification of somatic stem cells in the pseudostratified epithelium of the large airways remains rudimentary because of its cellular complexity, low baseline proliferation, and also its cellular plasticity as evidenced by the multiplicity of cell types participating after injury. Nevertheless, clonal expansion of progenitor populations and identification of label-retaining cells in focal areas in mouse trachea that are thought to represent a stem cell niche suggest the presence of discrete somatic stem cells at this site. Available experimental models for defining the biologic potential of airway epithelial cells were reviewed and include assays of colony formation, repopulation of tracheal surface epithelium in injury models, and in vitro differentiation of isolated cells. Dr. Randell described an approach for the identification of putative stem cells based on the use of a transgenic mouse in which enhanced green fluorescent protein (EGFP) expression was driven by the basal cell-specific promoter. Using this approach, these investigators were able to isolate and identify a keratin-rich subpopulation of basal cells capable of clonal growth. Dr. Randell emphasized the need for identification of additional stem cell markers and purification strategies to be able to perform molecular characterization of putative stem cells/label-retaining cells as well as the need for more detailed label-retaining cell/lineage studies and characterization of stem cell niches.
Barry Stripp (University of Pittsburgh, Pittsburgh, PA) reviewed the current state of knowledge of stem cells of distal . Cultured lung fibroblasts isolated from GFP bone marrow chimeric mice treated with bleomycin were analyzed by fluorescence microscopy (a-f ). The cells showed typical fibroblast morphology, many being stellate or spindle-shaped (A ). On average, 80% of these cells expressed GFP (green fluorescence in a, at an original magnification of ϫ100; inset, ϫ400). Cells were stained with both anti-GFP (green) and anticollagenase type I (Col I; red) antibodies in (b-d ). The same microscopic field was photographed with the green (b ) or red (c ) filter only, or both simultaneously (d ). Colocalization of both GFP and Col I expression resulted in a yellow color in d. Inset in d shows the cells stained with anti-GFP antibody (green) and isotypematched control IgG for Col I (red). Cells were also stained with both anti-GFP (green) and anti-␣-smooth muscle actin (␣-SMA) (red) antibodies (e ). Colocalization of GFP and ␣-SMA should appear yellow, but the two ␣-SMA ϩ cells in this field did not appear to express GFP (e ). Finally, cells were also stained with anti-GFP (green) and anti-telomerase reverse transcriptase (TERT; red) antibodies. Colocalization of GFP and TERT appeared yellow, and most of the cells in this field expressed both TERT and GFP (f ). Original magnification (b-f ), ϫ200. A representative example of at least three independent experiments is shown. Reprinted by permission from Reference 22. conducting airways, highlighting differences between bronchiolar stem cells and other, more classical (e.g., small intestinal) stem cell hierarchies. Many tissue-specific stem cells and their progeny are organized into a so-called classical hierarchy consisting of infrequently cycling cells and their more frequently dividing transient-amplifying (TA) progeny. TA cells vary be- Figure 7 . Endogenous regenerative microenvironments in the bronchiolar epithelium of the mouse. In situ hybridization for CCSP (Clara cell secretory protein) mRNA (white autoradiographic grains) was used to identify regions of regenerating epithelium after naphthalenemediated progenitor cell depletion. Regenerative zones of neuroepithelial bodies were identified at branch points in the airways (red ovals) and at the bronchoalveolar duct junction (green ovals). tween organs in their abundance, have limited proliferative potential, and give rise to differentiated cells. The classical stem cell hierarchy is epitomized by the small intestine. Unlike this situation, bronchiolar Clara cells exhibit TA characteristics after injury but are usually quiescent in the steady state. Investigation of mechanisms of airway repair after TA cell depletion has produced data demonstrating the existence of a bronchiolar tissue-specific stem cell. Ablation of Clara cells by administration of naphthalene allowed the identification of distal airway stem cells that were resistant to naphthalene and that localized to two discrete microenvironments, the neuroepithelial body and the bronchoalveolar duct junction (Figure 7) . A putative stem cell population, so-called variant CCSP-expressing cells, was inferred by expressing the herpes simplex virus thymidine kinase gene under the control of the CCSP promoter. Ablation of all CCSP-expressing cells led to failure to regenerate. Unlike the intestinal epithelium, the Wnt-␤-catenin signaling pathway appears to be activated late in the regeneration of naphthaleneinjured airways. These findings demonstrate the existence of a nonclassical stem cell hierarchy based on the unique properties of the TA cell and the unique molecular regulation of stem and TA cells during epithelial renewal. These studies highlight the existence of regiospecific stem cells in the conducting airways and the complexity of analyzing the differentiation potential of stem cells at different sites. Future research directions emphasized by Dr. Stripp included the need for development of a distinct molecular profile (and therefore novel molecular markers) of stem and other cells within the stem cell hierarchy, establishment of in vitro methods for stem cell maintenance and differentiation, dissection of intrinsic versus extrinsic cues involved in molecular regulation of stem cell maintenance, and development of methods for assessment of in vitro and in vivo differentiation potential of isolated stem cells.
Susan Reynolds (University of Pittsburgh) presented ongoing work on prospective purification and functional analysis of lung side populations. The existence of distinct proximal and distal stem cells hierarchies (i.e., tracheobronchial, bronchiolar, and terminal bronchiolar) suggests that discrete regenerative units maintain the conducting airway epithelium. Characteristics of the proximal and distal epithelial compartments are potentially a reflection of distinctions in the properties of region-specific stem cells as well as the influence of the niche/microenvironment on the activity of these cells. Roles for both intrinsic and extrinsic influences complicate identification, purification, and testing of tissue-specific stem cells and development of in vivo and in vitro models for assessment of selected cell types. Development of such methods for prospective purification and functional testing is also complicated by limitations of known molecular markers for airway stem cells (e.g., cytokeratin-14 and CCSP). These include the fact that many are intracellular proteins and therefore not useful for selection of viable cells and are also expressed redundantly by cells at multiple levels of the stem cell hierarchy. Strategies employing markers useful in the selection of hematopoietic stem cells have indicated some utility of Sca-1 and c-Kit for enrichment of clonogenic, multipotent lung cells. Similarly, application of Hoechst efflux methods to the lung demonstrated that the trachea contains a so-called side population (SP), a subpopulation of cells identified by low Hoechst blue and red fluorescence. Similar populations were identified in airway (0.6%) and alveolar (0.19%) preparations. SP cells from all compartments tended to be small and agranular and exhibited low red and green autofluorescence. Fractionation of the tracheal SP into upper and lower portions (USP and LSP, respectively) demonstrated both molecular and functional heterogeneity within the SP band. The USP was enriched with cytokeratin-14 and vimentin-expressing cells and the LSP with vimentinexpressing cells. Clonogenic cells were detected within tracheal, airway, and alveolar SP cells, and clonogenic cells were particularly enriched within the tracheal LSP. Fractionation of tracheal (and airway) populations in this way represents a step toward molecular characterization of clonogenic cells within conducting airways. Dr. Reynolds also presented data showing that labelretaining cells are detected in both the epithelial and the mesenchymal compartment of the neuroepithelial body microenvironment and emphasized the importance of mesenchymal-epithelial interactions in maintaining the stem cell niche. Future initiatives are needed to identify cell surface markers for stem and TA cells, to elucidate mechanisms regulating stem cell niche communication, and to assess the impact of inappropriate signals on stem cell function. Douglas Losordo (Tufts University School of Medicine, Boston, MA) discussed the role of adult stem cells in the repair of ischemic cardiac tissue. Myocardial infarction and cardiomyopathy both involve loss of cardiomyocytes as well as blood vessels, so both these components need to be considered in any strategy to improve cardiac function. Isolation of putative EPCs that can participate in angiogenesis changed the strategies for improving vascularization in ischemic heart disease. Dr. Losordo presented work demonstrating successful ex vivo expansion of EPCs as well as an increase in circulating EPCs in response to vascular endothelial growth factor. Bone marrow-derived EPCs were shown to contribute to vasculogenesis in mouse uterus. Transplantation of isolated ex vivo-expanded human EPCs into nude athymic rats via tail vein injection reduced the extent of myocardial fibrosis observed after acute myocardial ischemia, with preservation of left ventricular function. Limitations in applying this transplantation approach in humans include the possibility of deleterious immune reactions when using allogeneic cell donors, thereby requiring the acquisition of autologous cells for transplantation; the large number of cells required for transplantation; as well as safety concerns attributable to the use of fetal bovine serum as a medium supplement for ex vivo cell expansion. Therefore, the strategy of using autologous CD34 ϩ cells for transplantation was evaluated. Preclinical animal studies demonstrated that injection of autologous granulocyte colony-stimulating factor (G-CSF)-mobilized CD34 ϩ cells into rats after myocardial infarction improved capillary density and myocardial function. A pilot clinical trial of intramyocardial transplantation of autologous CD34 ϩ cells for intractable angina in 24 patients has been completed. Patients with class 3 or 4 angina and no other therapeutic options were enrolled. In individual patients there was improvement in treadmill time and time to angina at 6-mo follow-up. No significant serious adverse events were reported related to injection. This pilot study suggests promise for transplantation of CD34 ϩ cells to improve outcome after myocardial infarction. Discussion summary. There is a major need for the development of new technical methods and identification of specific molecular markers with which to identify stem cells to specify the genetic and regulatory factors required for maintaining "stemness." Similarly, new methods (e.g., laser capture microdissection coupled with microarray and proteomic analysis) will be required to accurately phenotype stem cells. It was suggested that parallel studies be undertaken, focusing simultaneously on basic mechanisms and clinical applications. In this regard, the importance of performing functional correlations to assess the outcome of any therapeutic maneuver was emphasized. The timing of therapeutic interventions was also discussed in the context of the need for an intact underlying lung structure to effect epithelial regeneration. Consideration also needs to be given to whether the efficacy of stem cells is related to an actual change in cellular phenotype versus benefits that result from the effects of transplanted or modified endogenous cells on the microenvironment. The concept of "reparative" cells versus stem cells for cell-based therapy was suggested. In this regard there was also some discussion of which disease would be the appropriate initial target for any clinical application, with some debate about whether space needed to be made for cells to engraft. An obvious key question that will complicate any therapeutic approach concerns which cell type should be used, for example, the different endogenous cells identified in the conducting airways of the lung (e.g., basal, neuroendocrine, and variant CCSP-expressing cells). Also, it is unclear which cells will be most effective. In the case of MSCs, there are indications that preparations rich in early progenitors from low-density cultures engraft in vivo more efficiently than do more mature cells from confluent cultures (87).
Session 2: Other Adult Stem Cell Sources
The goal of Session 2 was to review the basic biology of stem and progenitor cells, including those cell populations already suggested to participate in lung remodeling, as well as to identify other potential sources of adult stem cells for investigation.
The initial presentation, by Brigid Hogan (Duke University, Durham, NC), reviewed current definitions of stem and progenitor cells, including self-renewal capacity and ability to differentiate into multiple cell types. The role of factors influencing lineage development, particularly the role of specialized niches, was examined. Important parallels between embryonic lung development and repair of adult lungs after injury were examined. Future research directions emphasized by Dr. Hogan include the development and use of appropriately adequate and sensitive tools to trace lineage-specific development, particularly the use of conditional transgenic and knock-in mice, and an understanding of the cellular events underlying lineage development.
Peter Quesenberry (Roger Williams Medical Center, Providence, RI) presented further information on underlying stem cell biology and the relevance for plasticity and organ remodeling. A paradigm was presented in which stem/progenitor cells represent a continuum rather than static populations. He suggested that stem cells change during cell cycling, particularly with respect to expression of surface markers and the ability to repopulate other organs including the lung. The ability to manipulate stem cell phenotypic lability may be a powerful tool for regulating tissue restoration effected by adult stem cells.
Diane Krause (Yale University, New Haven, CT) examined factors implicated in the recruitment of adult marrow-derived stem cells to lung tissue in mice, particularly the role of radiationinduced lung injury. The relative radiation doses producing engraftment after transplantation, radiation-induced lung injury and apoptosis, and lung engraftment with adult marrow-derived stem cells were evaluated. Lung epithelial engraftment rarely occurs after sublethal radiation doses (less than 1,000 cGy), which do not induce significant lung injury and apoptosis. In contrast, a lethal dose of 1,000 cGy, which leads to significant levels of apoptosis of lung epithelial cells, consistently resulted in low-level lung epithelial engraftment of bone marrow-derived cells. Data were also presented demonstrating that transplantation of wild-type bone marrow to transgenic mice lacking functional CFTR resulted in low-level CFTR expression in intestinal epithelium. Importantly, transplanted mice demonstrated a partial functional correction of a defective transepithelial potential difference and chloride current measured in rectal mucosa. Future research directions emphasized by Dr. Krause included emphasis on mechanisms by which adult marrow-derived cells were recruited to lung, studies to highlight physiologic relevance, and mechanisms to enhance recruitment to achieve therapeutic benefit.
The current status of knowledge with respect to the role of circulating fibrocytes was presented by Robert Strieter (David Geffen School of Medicine, University of California at Los Angeles, Los Angeles, CA). Circulating fibrocytes or mesenchymal precursor cells are increasingly implicated in the pathogenesis of pulmonary fibrosis and in subepithelial remodeling and fibrosis that can occur with severe asthma. The role of CXCL12 and GM-CSF in the recruitment of circulating fibrocytes to the lung and in the conversion to myofibroblasts was reviewed. New information was also presented suggesting that circulating fibrocytes may contribute to tissue adipocytes and play a role in metabolic syndrome. This presentation highlighted the importance of local niches in the phenotypic conversion of fibrocytes and other adult marrow-derived stem cell populations.
Bruce Bunnell (Tulane University, New Orleans, LA) presented novel information on the isolation of MSCs from fat in both mice and in nonhuman primates. The capability of these MSCs with respect to propagation and differentiation is comparable to that of MSCs isolated from bone marrow. Data were also presented on the isolation of stem cells from umbilical cord blood and from Wharton's jelly. Dr. Bunnell emphasized the importance of evaluating alternative sources of stem/progenitor cells as well as the need to consider larger animal preclinical models for the study of lung remodeling due to adult stem cells.
The final presentation in this session, by Alan Fine (Boston University, Boston, MA), highlighted an important aspect of existing and future studies. The techniques required to demonstrate lung remodeling by adult stem cells must be rigorous. Current techniques used to assess lung chimerism, particularly in situ immunohistochemical assessments, are subject to significant artifacts that can lead to overestimation of actual chimerism. State of the art techniques including deconvolution microscopy, laser capture microdissection, flow cytometry, and others must be rigorously used. Most important, functional data should be obtained wherever possible.
Discussion summary. It is clear that there are many potential sources of stem and/or progenitor cells that might conceivably participate in lung remodeling during growth and repair after injury. A major challenge for the future will be to characterize the different putative cell populations both with respect to behavior as "stem cells" as well as with respect to lung remodeling. A significant emphasis must be placed on developing and standardizing state-of-the-art techniques to adequately and unambiguously assess the desired outcome measure, including functional outcomes.
Session 3: Adult Marrow-derived Stem Cells in Lung Diseases
The goal of Session 3 was to review preclinical data on adult marrow-derived cells in lung disease, to review translational research, and to begin exploring potential clinical protocols to investigate the safety and efficacy of these cell populations for lung diseases.
Sem Phan (University of Michigan, Ann Arbor, MI) presented data from studies exploring the use of bone marrow progenitor cells in a preclinical model of interstitial lung disease. The source of fibroblasts in fibrotic lung has been the focus of intense investigation, but the contribution of intrapulmonary versus extrapulmonary cells in the fibrosis disease process remains unclear. Phan and colleagues used a well-characterized murine model of bleomycin-induced fibrosis to examine the contribution of bone marrow-derived cells in the generation of the fibrotic lesion. To accomplish this, his laboratory generated chimeric GFP mice by using bone marrow obtained from transgenic GFP mice and transplanted into irradiated wild-type recipients. After demonstrating engraftment with peripheral blood chimerism in excess of 90% donor-derived cells, mice were subjected to bleomycin injury. Analysis of fibrotic lesions histologically showed large numbers of GFP-positive cells in fibrotic lesions and flow cytometry showed that these GFP-positive cells expressed type I collagen and telomerase reverse transcriptase, but not ␣-smooth muscle actin. These cells also expressed functional CXCR4 and CCR7 and could migrate in vitro to CCL-12 (SDF-1␣) and CCL-21 (secondary lymphoid-organ chemokine), ligands for these two receptors, respectively. These data support prior published data on human lungs from patients suffering lung injury after bone marrow transplantation, showing that bone marrow-derived cells contribute to fibrogenesis and that their recruitment is likely regulated by specific chemokine pathways.
Another pulmonary disorder characterized by fibrosis and scarring largely localized to lung arterioles and microvasculature is pulmonary hypertension. Duncan Stewart (University of Toronto, Toronto, ON, Canada) presented translational data on the use of adult bone marrow-derived cells to regenerate lung microvasculature. This group has previously described a population of bone marrow-derived cells termed endothelial-like progenitor cells (ELPCs), which are obtained from Fischer 344 rat bone marrow, separated by Ficoll, and differentiated in culture in growth medium supplemented with endothelial growth factors. These cells express endothelial markers such as von Willebrand factor, UEA-1 (Ulex europaeus agglutinin-1) receptor, and Flk-1 and have been shown to engraft into areas of vascular injury caused by monocrotaline. When transfected ex vivo with an expression plasmid encoding endothelial nitric oxide synthase cDNA, differentiated ELPCs were able to improve survival and to reduce pulmonary pressures in rats with monocrotaline-induced pulmonary artery hypertension. Dr. Stewart than presented an outline of the Pulmonary Hypertension and Cell Therapy (PHACeT) trial, which is a phase 1 clinical safety study involving 18 patients with refractory pulmonary artery hypertension who will receive endothelial nitric oxide synthasetransfected autologous ELPCs delivered via pulmonary artery catheter. The study design involves dose escalation of up to 150 million cells administered in divided doses. The trial is to begin Spring 2006.
Dan Weiss (University of Vermont, Burlington, VT) and Pam Davis (Case Western Reserve University, Cleveland, OH) each made presentations describing the use of adult marrow-derived cells for the treatment of CF. By transplanting bone marrowderived cells obtained from CFTR wild-type mice into CFTR knockout (KO) mice, Dr. Weiss and colleagues reported detection of CFTR message in the lungs of transplanted mice as well as detection of small numbers of CD45-negative, CFTR-positive cells in lung epithelium (Figure 3 ). Although these results are encouraging, the levels of engraftment observed were small and, although not directly assessed, they are not believed to be sufficient to result in physiological correction of the transepithelial chloride current. Dr. Davis investigated the effect of transplantation of wild-type bone marrow into CFTR KO mice (transgenic for CFTR expression in the gut) to examine the effect of bone marrow-derived cells on the excessive mortality and lung inflammation observed in CFTR KO mice challenged with Pseudomonas aeruginosa encapsulated in agarose beads (a model to simulate the chronic inflammation seen in CF). Wild-type or CFTR KO mice that were transplanted with CFTR KO bone marrow had 100% mortality by Day 6 of the P. aeruginosa challenge, whereas CFTR KO mice receiving wild-type bone marrow had 50% survival, which was nearly identical to that observed in wild-type mice receiving wild-type bone marrow. Lung sections from the CFTR KO chimeric animals were analyzed extensively for epithelial chimerism and more than 97% of the chimeric cells detected were confined to a CD45 ϩ phenotype and were not epithelial cells, suggesting that bone marrowderived cells control pulmonary inflammatory responses in this model of lung inflammation. As CFTR has been reported to be expressed at the level of messenger RNA in macrophages and lymphocytes, CFTR protein expression in these cells may alter host immune responses to pathogens.
Stephen Rennard (University of Nebraska, Omaha, NE) closed the session by presenting translational data regarding the potential use of adult marrow-derived cells to treat chronic obstructive pulmonary disease (COPD)/emphysema. Using parabiotic mice that share a common circulatory system, the Rennard laboratory has shown that bone marrow-derived cells are recruited to the lung during elastase-induced emphysema. Many of these cells in the lung are hematopoietic, but a subset expresses cytokeratins and on ex vivo culture, up to 20% of the fibroblasts are bone marrow derived. In a follow-up study, Dr. Rennard and colleagues investigated the recruitment of bone marrow-derived cells to the lung after treatment of elastaseinduced emphysema with all-trans retinoic acid with or without G-CSF as a stem cell-mobilizing agent. Combined treatment with all-trans retinoic acid and G-CSF resulted in enhanced recruitment of bone marrow-derived cells to the lung as well as a significant decrease in mean linear intercept, a measure of alveolar destruction. These data raise the possibility that cell transfer or mobilization of endogenous stem cells may be feasible in the setting of COPD. However, numerous unanswered questions remain, including whether specific subpopulations of cells contribute to repair versus injury. Dr. Rennard also presented data indicating that FEV 1 is an inadequate outcome measure in COPD, and suggested that validation of advanced imaging techniques such as CT imaging with texture analysis or functional magnetic resonance imaging using hyperpolarized helium (which can also be used to image regional diffusion) might be necessary to provide more reliable outcome measures in clinical trials for COPD.
Discussion summary. There are a number of clinically relevant situations in which initial investigations of stem cell administration may provide invaluable information. However, it is acknowledged that, at present, this is a controversial topic. Some participants voiced the opinion that there is not enough basic science knowledge to move into clinical investigation. Others argued that there are large numbers of patients who have severely debilitating and life-threatening pulmonary diseases such as COPD who frequently run out of treatment options. Therefore it should be possible to begin early studies in humans to determine safety and dosing parameters, and to design carefully controlled clinical trials that offer the patients potential benefits at relatively little risk. At the same time it was agreed that strong emphasis must be placed on relevant animal models of human lung diseases, with a particular focus on developing clinically relevant functional outcome measures.
RECOMMENDATIONS: SUMMATION AND FUTURE DIRECTIONS
Workshop participants acknowleged that the role of adult stem cells in lung biology and their potential therapeutic role in lung diseases represent a timely and exciting area of study. Nonetheless, there are controversies with respect to assessment of both lung chimerism achieved by transplantation of adult bone marrowderived stem cells and the functional role of lung remodeling effected by adult marrow-derived and other adult stem cell populations. As such, the following recommendations were developed.
General Recommendations
Terminology. As is true in the current scientific literature, the term "stem cell" was used with varying degrees of rigor during the conference. The use of the term "stem" or "progenitor cell" provokes a broad range of response from different scientific disciplines. The definition of stem and progenitor cells is often loosely and erroneously applied. This can result in confusion and misconceptions about research goals and methodology. This may further be problematic given current public debate about the use of stem cells in biological research. The term "pluripotent embryonic stem cell" is used for mammalian embryonic stem (ES) cells that can both self-renew and differentiate into most cellular phenotypes (mouse ES cells cannot give rise to trophoblasts as can human ES cells). The term "stem cell" is used for cells with restricted repertoires of differentiation such as HSCs, neural stem cells, and intestinal epithelial cells.
Most of the attendees agreed that the primary interest of the conference was in cells that could repair damaged lung even if they did not meet the most rigorous definition of a stem or progenitor cell. As a central goal of much of the current research in this field is in repair and restoration of diseased lung, a suggestion was made to redefine the field in terms of reparative or regenerative investigations. This includes using terminology identifying "reparative cells" rather than "stem or progenitor cells" to indicate a population or populations of cells that participate in lung remodeling after injury. A further clarification is the distinction between endogenous reparative cells, that is, originating in the lung itself as opposed to exogenous reparative cells, which originate in bone marrow, fat, cord blood, or other sources and that subsequently are recruited to the lung to participate in remodeling after injury. The potential interaction between endogenous and exogenous reparative cells is an important area of investigation. Although agreement was not reached on these issues of terminology, all participants agreed that future study to define the true nature of the cells involved in lung repair is a critical issue.
Basic Science Investigations
In addition to clarifying and understanding the mechanisms and role of adult marrow-derived and endogenous lung stem cells in lung biology, an important goal is to develop a firm scientific basis for translational approaches to the repair and regeneration of diseased lung, using endogenous and exogenous reparative cells.
To fully explore and promote an understanding of the role of reparative cells in lung development, repair, and remodeling, a number of recommendations were developed.
Techniques. There is continuing controversy over the adequacy of methods currently used to assess outcomes in studies of endogenous and exogenous reparative cells in lung biology and diseases. This is most relevant with respect to immunohistochemical and other approaches used to detect and characterize reparative cells in the lung. Results obtained from routine photomicroscopy of lung sections to detect markers delineated by fluorescence in situ hybridization, immunohistochemical, as well as other techniques can be misleading.
Recommendations: techniques • Photomicroscopy should incorporate advanced imaging techniques, including confocal microscopy, deconvolution microscopy, electron microscopy, laser capture, and other techniques as applicable.
• Techniques including flow cytometry, DNA and/or RNA analyses, and other comparable approaches should be done in parallel where feasible. Functional outcome measures. The functional role of endogenous and exogenous reparative cells is largely unknown in different lung disease states. Furthermore, in the few available studies in which a functional role is suggested, the mechanism(s) by which functional alterations occur are unknown. These questions are crucial to potential therapeutic applications of reparative cells.
Recommendations: functional outcomes measures • Functional outcomes should be included to the extent feasible in all preclinical studies. • Functional outcomes should be tailored to each specific disease model investigated.
• Functional outcomes must be sensitive (high throughput) and easily and reproducibly quantitated. Examples include the following:
• Expression of a missing gene or gene product and/or measurement of a gene product function (i.e., chloride current after CFTR expression) • Restored pulmonary function (HRCT scans, histomorphometry, small animal pulmonary mechanics)
Standardized preclinical models of human lung disorders. The relevance of standardized preclinical models of human lung disorders is to promote a greater understanding of the cellular and molecular pathophysiology of human disorders.
Recommendations: preclinical models of human lung disorders
• Several models are currently available, primarily in mice.
The development of additional models that mimic features of an important human disorder is a desired goal.
• A suggested but not inclusive list of available (mouse) and/or desired models includes:
• Pulmonary hypoplasia of prematurity, or due to surfactant deficiency • Idiopathic pulmonary fibrosis • Adult onset emphysema/COPD • CF • Acute airway injury due to environmental factors • Acute respiratory distress syndrome • Primary pulmonary hypertension
• Post-lung transplant bronchiolitis • Asthma
• The development of larger animal models of clinical lung diseases is a desirable goal. Acknowledging the high costs and other practical considerations for larger animal work, particularly in nonhuman primates, the development of cores for appropriate large animal models of specific lung diseases would be advantageous.
Tools. The development of more robust tools for identification and characterization of potential endogenous and exogenous reparative cell populations is a high-priority area. Of particular importance is the need to develop these tools in parallel in both rodent and in human cells.
Recommendations: tools
• Characterization of cell-specific markers for isolating and characterizing different reparative cell populations
• Development of additional cell-specific promoters that track endogenous expression with reasonable fidelity
• Development of more robust markers for histologysuitable for laser capture microscopy, confocal microscopy, and so on
• Development of more robust markers specific for flow cytometry-fluorescent, protease-resistant surface markers
• Development of lung-specific (monoclonal) antibody libraries
• Development of genetic mouse models for investigation of functional pathways in lung development and repair. Examples include the following:
• Conditional gene activation/deletion based on the use of CreERt2 or rtTA (doxycycline regulated) • Modified genes bred onto different genetic backgrounds, including mutants lacking specific immune cells • Conditional deletion of specific cell populations, for example, neuroendocrine, ciliated, type II Fundamental understanding of lung repair mechanisms. The cells that mediate lung repair and the mechanisms by which they do so remain poorly understood. Both endogenous and exogenous reparative cells likely participate. Understanding the roles of each and their interactions is a crucial area of investigation. Recommendations focus largely but not exclusively on the use of different models.
Recommendations: lung repair mechanisms
• Use of different proof of concept models. Although some experimental injury/repair systems, for example, using naphthalene, ozone, bleomycin, SO 2 , and so on, do not necessarily mimic human lung disorders, they are useful for testing specific hypotheses.
• Investigations of different plasticity/dedifferentiation models, including label-retaining tissue stem cell models for endogenous reparative cells.
• Increased use and investigation of lung regeneration models. Some suggested models include postpneumonectomy regeneration, septal proliferation after retinoic acid treatment, nutrition after neonatal deprivation, and so on.
• Investigations of basic development and repair mechanisms including:
• Consideration of core centers and facilities. The pros and cons of whether to establish core centers for training, cell culture and generation and provision of specific cell types, functional outcome assessments, histologic assessments, and other methodologic techniques were discussed and the following recommendations were made.
Recommendations: core centers and facilities Educational programs. A highly desirable goal is to inform and educate the stem cell community about the potential role of stem and reparative cells in lung biology and disease. Conversely, the lung community needs to be educated about stem and reparative cell biology. This will lead to fruitful interactions and collaborations and, importantly, will result in less overlapping and duplicative research efforts.
Recommendations: educational programs
• Educational programs at national meetings • Stem cell training courses with both didactic and practical components from different disciplines
• Arranging sabbaticals/training for both fellows and faculty in laboratories of established stem cell investigators not necessarily in the lung field
Clinical/Translational Recommendations
There is a divergence of opinion on whether clinical investigation of reparative cells in lung biology and disease is warranted at present. Importantly, a representative from the Food and Drug Administration was present at the meeting to add the current Food and Drug Administration perspective on stem cell research. The pro and con points raised at the meeting are summarized in Table 1 . After vigorous discussion, the following recommendations for clinical and translational studies were made.
Recommendations: clinical studies
• Proceed with design and implementation of initial exploratory and safety investigations.
• All appropriate ethical issues should be considered.
• Clinical and translational investigations should include consideration of mechanisms of reparative cell actions and not be limited to simple outcome measurements.
• Careful consideration should be given to sample collections (i.e., blood, bronchoalveolar lavage fluid, biopsies) from already existing clinical trials wherein analyses of these samples might provide insight into potential roles and mechanisms of lung remodeling by adult reparative cells.
• A central coordinating center should be considered to take advantage and appropriately distribute clinical samples to ensure maximal usefulness.
• The National Institutes of Health, Food and Drug Administration, and other relevant regulatory agencies should work closely together to define parameters for adequate cell product characterization as well as preclinical proof of concept and toxicologic testing to support the design and supervision of phase 1 clinical trials.
SUMMARY AND CONCLUSIONS
A continuing accumulation of data in both animal models and in clinical lung specimens suggests that exogenous reparative cells play a significant role in lung development and in lung repair and remodeling after injury. Nonetheless, these data are controversial both from the perspective of adequacy of experimental techniques to assess participation of reparative cells and from a need for better assessment of the specific functional role reparative cells might play in lung remodeling. It is hoped that the workshop recommendations will spark new research that will provide further understanding of the role of stem and reparative cells in lung biology and also provide a sound scientific basis for therapeutic use of adult reparative cells in lung diseases.
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